Electroencephalography (EEG)-based functional brain networks have been investigated frequently in health and disease. It has been shown that a number of graph theory metrics are disrupted in brain disorders. EEG-based brain networks are often studied in the whole-brain framework, where all the nodes are grouped into a single network. In this study, we studied the brain networks in two hemispheres and assessed whether there are any hemispheric-specific patterns in the properties of the networks. To this end, resting state closed-eyes EEGs from 44 healthy individuals were processed and the network structures were extracted separately for each hemisphere. We examined neurophysiologically meaningful graph theory metrics: global and local efficiency measures. The global efficiency did not show any hemispheric asymmetry, whereas the local connectivity showed rightward asymmetry for a range of intermediate density values for the constructed networks. Furthermore, the age of the participants showed significant direct correlations with the global efficiency of the left hemisphere, but only in the right hemisphere, with local connectivity. These results suggest that only local connectivity of EEG-based functional networks is associated with brain hemispheres.
Introduction
Network science has many applications in various disciplines ranging from biology to physics [1] . The brain is one of the most complex biological systems for which graph theory tools have been applied to study the structural and functional networks at various scales ranging from microscales to macroscales [2] [3] [4] . Techniques such as diffusion tensor imaging can be used to recover anatomical connectivity of brain regions [5] , and methodologies such as functional MRI (fMRI), electroencephalography (EEG), and magnetoencephalography can be used to discover functional brain networks [6] [7] [8] .
In studying brain functional networks, first, the topology of the network should be extracted from the time series.
To this end, one may use methods such as correlation, coherence, or any other synchronization measure [7, [9] [10] [11] [12] . As the network structure is extracted, the next step is to apply a number of graph theory measures [13] . Often, graph theory measures such as average path length, clustering coefficient, modularity, and global and local efficiency are computed for brain networks. These measures can be linked to brain-associated properties including hierarchical structure, segregation, and integration of information in the brain.
It is well known that the anatomy and function of the brain are not similar in the two hemispheres, and there are clearer differences [14, 15] . Brain asymmetry is indeed necessary for its proper functioning and brains with disrupted asymmetry are at risk of developing disorders such as schizophrenia [16] [17] [18] . There are various research works studying asymmetry of functional connectivity in the brain. EEG has frequently been used as a recording technique to study asymmetry of functional connectivity [19] . Synchronization/ desynchronization studies using EEG support the hypothesis that the right hemisphere is dominant for attention [20] . Another study showed that frontal EEG asymmetry serves as a moderator and mediator of emotion, and its abnormality may cause emotional disorders [21] . An asymmetrical pattern of functional connectivity in frontoparietal regions was associated with sustained attention, supporting the rightward lateralization of this function [22] . An EEG study showed that the asymmetric functional connectivity is attenuated in patients with schizophrenia [23] .
The analysis of the asymmetric pattern of graph theory metrics in EEG-based brain functional networks has a potential to generate further evidence on the anatomy-function relationship and a new aspect of brain asymmetry observed in EEG. In this study, as a novel attempt, we examined the asymmetry of brain functional networks extracted from Laplacian EEG with an excellent spatial resolution. We constructed the functional brain networks in conventional EEG frequency bands for a number of healthy individuals. The networks were Supplemental digital content is available for this article. Direct URL citations appear in the printed text and are provided in the HTML and PDF versions of this article on the journal's website (www.neuroreport.com).
extracted separately for each hemisphere and graph theory metrics were obtained for them. Our analysis showed a rightward asymmetry for the local connectivity, whereas the global efficiency showed no significant hemispheric asymmetry.
Materials and methods

Electroencephalographic recording
The EEGs of 44 healthy individuals, analyzed in this study, were recorded at the Department of Clinical Neurosciences of the University of Lausanne (Lausanne, Switzerland) and approved by the local Ethics committee of the university (Commission cantonale d'éthique de la recherche sur l'être humain). Forty-four right-handed healthy individuals (20 men) whose average age was 46 16 years were selected to be studied in this work. The EEGs were collected in the resting state with the eyes closed. A 128-channel Geodesic Sensor Net [Electrical Geodesic Inc. (EGI), Eugene, Oregon, USA] was used at a sampling frequency of 500 Hz. The EEG time series were filtered and segmented into nonoverlapping 1 s epochs using the NS3 software. The EEG time series were analyzed in conventional frequency bands including theta (3-7 Hz), alpha (7-13 Hz), beta (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , and gamma . To minimize the effects of volume conduction, we computed high-resolution Laplacian [24] . To this end, at each sample, a two-dimensional spline was fitted to common-average-reference EEG along the surface of the best-fit sphere. These participants have been served previously as healthy controls in our projects on the study of EEG signs of schizophrenia, Alzheimer's disease, and nonepileptic seizures [25] [26] [27] .
Constructing brain functional networks
The EEG time series were used to construct the binary connectivity matrices of the brain networks. First, one should obtain the weighted correlation matrices. In this work, we aimed to study the asymmetric properties of the brain functional networks. Therefore, the networks should be constructed separately for each hemisphere. We divided the electrodes into two groups: one for the right hemisphere and another one for the left hemisphere ( Fig. S1 , Supplemental digital content 1, http://links.lww. com/WNR/A299). We then applied the Pearson product-momentum correlation coefficient for all electrode pairs. For each hemisphere, we obtained a weighted 51 × 51 correlation matrix on the basis of Pearson cross-correlation coefficients. The correlation coefficient between sensors i and j can be obtained as follows:
where cov(i,j) is the covariance between nodes i and j, and var(i) is the variance of node i. By averaging the correlation matrices over the artifact-free epochs, we computed two average weighted correlation matrices (one for each hemisphere) for each participant.
The next step was to construct the functional brain networks on the basis of the correlation matrices. A common approach is to binarize the weighted correlation matrices and to compute graph metrics for binary networks. We used the conventional technique of different threshold values to binarize the correlation matrix and to generate the adjacency matrix [6, 28] . To have a fair comparison of network properties in the group level, the networks should all have the same density (i.e. the same number of links). Many network metrics are highly dependent on the number of links they have and if the networks have different densities, the observed phenomena might be because of the unbalanced number of links rather than being associated with the research question. To binarize the networks in a fixed density value, we used the method proposed by Jalili and colleagues [12, 29, 30] . In this method, for each density value, one finds a participant-specific threshold resulting in a network with that particular density value. We applied this procedure to the correlation matrices of all participants by repeating the thresholding over a range of density values. In this way, the metrics are compared for the networks with the same density.
Graph theoretical metrics
As the binary networks were obtained, a number of neurobiologically meaningful graph theoretical metrics were calculated. A number of such measures have been suggested to be meaningful in the context of brain networks [2] . Among these, measures corresponding to the segregation and integration properties of the brain are important. Here, we used global and local efficiency measures. Network integration is the ability of a network to combine the information of various parts. A frequently used measure for network integration is global efficiency defined by Latora and Marchiori [31] :
where N is the size of the network (N = 51 here) and l i,j is the length of the shortest path between nodes i and j. Global efficiency is analogous to the average path length; it can be applied on both connected and disconnected networks, whereas the average path length cannot be computed for disconnected networks. It scales from 0 to 1; complete networks have a global efficiency of 1 and very sparse networks with long paths between their nodes have a global efficiency close to 0.
We also studied local efficiency that determines the functional segregation property of the brain. Local efficiency is analogous to clustering coefficient measuring the local connectedness of the network. Local efficiency Hemispheric asymmetry of EEG-based brain networks Jalili 1267 of node i is computed as follows:
where N i is the degree of node i (the number of nodes connected to node i) and G i is the graph of neighbors of nodes i excluding node i. The local efficiency of the network is obtained by determining the average over all the nodes, more precisely:
Asymmetry index
As the network metrics (global and local efficiency measures) were calculated for the left and right hemispheres, the asymmetry index for each network metric was calculated as:
where NM L and NM R are the values of the network metric in the left and the right hemispheres, respectively. The above metric is indeed measuring the leftward asymmetry of the network measures if it is positive and rightward asymmetry if negative.
Statistical assessments and correlation analysis
The asymmetry values [as computed on the basis of Eq. (5)] were subjected to Student's t-test to assess whether or not they are significantly different from zero. All values with P value less than 0.05 were considered to be significantly different from zero. We also calculated the Pearson correlation of the network metrics in the two hemispheres with the age of the participants. This allowed us to study the age dependency of graph theoretical metrics of the networks. All the computations were carried out in MatLab. For Laplacian computation, we used the CSD toolbox freely available at: http://psychophy siology.cpmc.columbia.edu/Software/CSDtoolbox. Graph theory measures were computed using the brain connectivity toolbox freely available at: https://sites.google.com/site/bctnet/. Figures 1 and 2 show the asymmetry of the network metrics as a function of network density for different frequency bands. We found no significant asymmetry pattern in the global efficiency ( Fig. 1 ). Although we found no significant correlation between the global efficiency of the networks in the right hemisphere with age, the left hemispheric global efficiency showed significant direct correlations (Pearson correlation coefficient r; P < 0.05) for some density values (Fig. 1) . A direct correlation in a certain density value means that as the participants become older, the global efficiency of the network increases for that density value. The global efficiency of the left hemisphere showed direct correlations for a few intermediate densities in beta (mean r = 0.31) and gamma bands (mean r = 0.30). The correlations turned out to be significant for a large range of high densities for lower frequencies including theta (mean r = 0.40) and alpha (mean r = 0.34).
Results
The local efficiency pattern showed some significant rightward asymmetry [i.e. negative asymmetry index as computed by Eq. (5)] for a range of intermediate to high-density values in beta and gamma bands (Fig. 2) . However, theta and alpha bands showed no significant asymmetry, except for a few density values in the theta band. In contrast to the global efficiency, which showed some age-dependency correlations in the left hemisphere, the local efficiency showed direct correlations with the age in the right hemisphere (Pearson correlation coefficient r; P < 0.05). The local efficiency of the right hemisphere in theta and alpha bands correlated with the age for a range of low to medium density values, with mean correlation coefficients r = 0.34 for theta and r = 0.41 for alpha bands. Beta (mean r = 0.37) and gamma bands (mean r = 0.40) showed significant correlations for a wide range of intermediate density values.
Discussion
In this article, we studied the properties of EEG-based functional brain networks in a number of healthy individuals. In networks extracted through EEG, the nodes are the individual EEG sensor locations and a link between two nodes corresponds to the functional connectivity between them. Asymmetric properties of the brain play important roles in its functions. Normal individuals usually show rightward posterior asymmetry [32] [33] [34] [35] .
Recently, this evidence was confirmed using the current source density analysis of EEG [36] . Various studies have shown disruption of asymmetric functional connectivity in brain disorders such as schizophrenia [23, 37] . Thus, studying the asymmetric properties of brain functional networks may shed light on brain functions at a finer resolution (in terms of graph theory metrics). Although a number of research works have studied asymmetry of brain in normal individuals, none of these studies focused on the asymmetry of EEG-based functional networks.
It has been shown that EEG-based brain functional networks have a small-world structure, which is disrupted in many disorders. All the previous studies on EEG-based networks have been carried out on the whole brain for which the two hemispheres are included in a single network, that is, the nodes located in left and right hemispheres are associated with the same network. However, the networks might have different properties if they are extracted separately for each hemisphere. An fMRI study showed that hemispheric networks have some different properties; whereas the networks extracted for both hemispheres have small-world properties, there are leftward or rightward asymmetries in some of the network properties [38] .
Here, we examined the hemispheric-specific properties of EEG-based brain networks. To this end, we studied two graph theory metrics including global and local efficiency measures. Local efficiency corresponds to the local connectivity of the network (considering only connections at a local level), whereas global efficiency considers both local and global connections and measures the global communicability of the network. Although the global efficiency showed no specific asymmetry, we found rightward asymmetry of the local connectivity in beta and gamma bands. Furthermore, we found a hemispheric-specific correlation of network metrics with age. Whereas the age of the participants showed significant direct correlations with the global efficiency of left hemisphere, the correlations with the local efficiency were only significant for the right hemisphere. These findings suggest that whereas the global communicability of the left hemisphere undergoes an age-related pattern, the local connectivity of the right hemisphere network is correlated with age. Thus, the way in which aging influences brain functional networks is not the same for the two hemispheres and different network properties in each hemisphere are subject to change as a function of aging. 
Conclusion
Our results support the previous results obtained on the basis of fMRI [38] that the EEG-based brain functional networks are also hemispheric specific. This work can be replicated on source EEG to assess whether the source EEG networks also have hemispheric-specific properties. 
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Asymmetry of local efficiency as a function of network density. Mean values of the asymmetry index are plotted for different frequency bands including theta (3-7 Hz), alpha (7-13 Hz), beta (13-30 Hz), and gamma (30-50 Hz). The dots above the plots represent the density value, for which the asymmetry index is significantly different from zero (t-test; P < 0.05). ' + ' ('*') symbols above the plots show the density values for which there is a significant correlation (Pearson correlation; P < 0.05) between the age of the participants and the local efficiency of the right (left) hemisphere.
